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Introduction {#sec1}
============

A common tool used by animals to comprehend the external world is the method of "active sensing" where biological sensors (e.g., fingers and eyes) sample the environment employing rhythmic motor sampling patterns to create a structured sensory input pattern ([@bib50]; [@bib89]). The likely reason for this is that the brain\'s ongoing neuronal oscillations, which reflect fluctuations of excitability in neuronal ensembles, are inherently rhythmic ([@bib97]), influencing both the generation of motor sampling patterns and the perception of sensory inputs ([@bib17]). Previous studies (see [@bib11] for a review) indicate that rhythmic motor sampling patterns are capable of adjusting neural excitability fluctuations in sensory brain regions to align to the rhythm of motor production signals ([@bib93]). The alignment of rhythmic neural excitability fluctuations with a similar excitability phase (or state) to any rhythmic process, internal (e.g., rhythmic eye movements) or external (e.g., a companion\'s speech), is termed neuronal entrainment. Several prior studies have demonstrated that entrainment is a ubiquitous brain mechanism, which is both supramodal and can affect rhythmic brain excitability fluctuations across a range of frequencies ([@bib58]; [@bib76]).

There are several examples of motor sampling rhythm-aligned entrainment of neuronal oscillations within specific frequency bands across many different sensory cortices. For instance, delta-band (1--4 Hz) oscillatory activity in the whisker barrel cortex of mice has been shown to phase lock to the rate of respiration (1--3 Hz) ([@bib44]), and exploratory rhythmic whisking (5--15 Hz) results in phase locking of theta/alpha (4--12 Hz) oscillations in both vibrissa primary motor and somatosensory cortices ([@bib2]). Rhythmic eye movements (3--5 Hz) have been shown to entrain delta/theta (1--8 Hz) activity resulting in modulation of neuronal excitability in primary visual cortex ([@bib8]; [@bib43]; [@bib64]; [@bib81]). Lakatos and colleagues ([@bib58]) termed these types of entrainment as "entrainment by voluntary self-produced rhythms" and theorized that a corollary discharge signal from the motor system ([@bib91]) is most likely responsible. For clarity, in the current article we are going to use the term motor-initiated entrainment to describe this type of entrainment, and to distinguish it from "environmental entrainment."

Environmental entrainment describes a mechanism by which brain rhythms can be entrained by attended or otherwise salient rhythms of the external environment that are independent of internal motor commands and sensory modality ([@bib58]; [@bib85]). A plethora of studies have shown predictive neuronal excitability modulation through entrainment of low-frequency neuronal oscillations by rhythmic auditory and visual stimuli ([@bib7]; [@bib14]; [@bib19]; [@bib34]; [@bib54], [@bib56]; [@bib61]; [@bib63]; [@bib74], [@bib75]; [@bib92]). In general, the effects of motor-initiated versus environmental entrainment are studied separately; therefore, we decided to investigate their effect on neuronal excitability jointly, as this might reveal important aspects of real-world perceptual processes. Specifically, we examined the effect of rhythmic visual stimulation and eye movements on neuronal excitability in primary auditory cortex (A1).

The reason for investigating these mechanisms in A1 was threefold. First, on a theoretical level, if both types of entrainment co-exist in A1, they would have a profound, so far overlooked effect on audiovisual multisensory interactions. The effects of saccades on auditory cortical activity have not been previously demonstrated, and although two previous studies indicate that phase reset by visual stimuli occurs and entrainment by visual stimuli in A1 is likely ([@bib14]; [@bib55]), it has not been definitively shown. Second, we wanted to investigate the effect of rhythmic environmental stimuli versus quasi-rhythmic motor-initiated visual sampling patterns (i.e., saccades) on neuronal excitability in A1. Specifically, we wanted to determine that if entrainment by saccades and visual stimuli occurs, what phase is neuronal ensemble excitability aligned to at the time visual stimuli or saccades are expected to occur. Third, on a practical (signal processing) level, in non-human primates, visual stimulation does not produce large-amplitude, evoked-type responses, as indexed by transient changes in neuronal firing, at the level of A1 ([@bib49]; [@bib55]), as it does not receive driving-type or specific thalamocortical visual inputs. Therefore, we reasoned that A1 might be an ideal location to examine the perhaps conjoint modulatory mechanisms related to eye movements and environmental visual events, as the conundrum of evoked-type large responses contaminating oscillatory measures is negligible ([@bib77]).

Using linear array multielectrodes positioned in the A1 of awake macaque monkeys so as to straddle all layers of the cortex, we obtained laminar profiles of neuronal ensemble synaptic activity (indexed by current source density \[CSD\]) and neuronal firing (indexed by multiunit activity \[MUA\]). We recorded neuroelectric activity in two conditions: (1) during the presentation of rhythmic stream of light-emitting diode (LED) flashes and (2) in the absence of any stimuli (resting-state condition). Eye position was continuously monitored throughout. As expected from earlier work ([@bib55]), rhythmic visual stimuli produced entrainment of neural excitability fluctuations (slow rhythmic fluctuation in phase concentration largely confined to the rate of visual stimulation, with an accompanying slow fluctuation of neuronal firing), with maximal neuronal firing signaling a high excitability state, predictably occurring around LED flash onset. Regarding eye movements, we found that both in the resting state and visual stimulation conditions, cortical excitability in A1 was also significantly entrained by saccades. However, as opposed to visual environmental entrainment by rhythmic LED flashes, neuronal ensemble excitability was entrained to its low excitability phase signified by suppressed neuronal firing before and around the timing of saccades.

If these two effects, visual entrainment of neuronal ensemble activity to a high excitability state and entrainment by saccades to a low excitability state, were temporally independent, they would interfere and could cancel each other\'s influence. As the brain tends to strive for efficiency, we examined the temporal relationship of visual stimuli and saccades. We found that saccade probability increased about halfway between two LED flashes, indicating that the brain avoids sensorimotor interference by aligning the timing of motor sampling patterns and sensory inputs so that saccade-related suppression of neuronal firing does not interfere with sensory processing.

Results {#sec2}
=======

The first goal of our study was to investigate the effect of rhythmic non-auditory environmental inputs (LED flashes) on neuronal ensemble excitability in A1. Second, we wanted to determine if saccading, an internally generated quasi-rhythmic motor sampling pattern, has a similar effect. In addition, if both modes of entrainment co-occur, how would they interact with one another? The investigation of these "subthreshold" modulatory mechanisms in A1 is greatly facilitated by the fact that visual stimulation does not result in high-amplitude evoked-type responses, which could overshadow any subthreshold modulatory influences ([@bib77]).

Entrainment by Rhythmic Environmental Stimuli and by Saccades in A1 {#sec2.1}
-------------------------------------------------------------------

Laminar field potential and concomitant MUA (MUA---indexing spiking activity in local neurons) profiles were obtained with linear array multicontact electrodes ([Figure 1](#fig1){ref-type="fig"}A) from 50 A1 sites in three awake macaque monkeys under two conditions: (1) during the presentation of a rhythmic (1.8 Hz) stream of LED flashes (visual stimulation condition) and (2) in the absence of any stimuli (resting-state condition). There was no task in either condition, and thus while alert, no behavior was required of the subjects. Therefore, they were free to look around anywhere and at any pace. Only one trial block of each condition was recorded in each of the 50 A1 sites. Each trial block lasted approximately 5 min. Eye position was continuously monitored using the EyeLink 1000 system (SR Research Ltd). CSD profiles were calculated from field potential profiles and index the location, direction, and density of transmembrane current flow, which is the first-order neuronal response to synaptic input ([@bib72]; [@bib88]). [Figure 1](#fig1){ref-type="fig"}B shows representative laminar CSD and MUA profiles to a stream of LED flashes with an apparent rhythmic, stimulus structure-related excitability modulation: across all layers MUA is increasingly approaching the onset of the LED flash, whereas approximately 250 ms before and after LED onset---i.e., roughly halfway between LED flashes---there is MUA suppression. This is accompanied by a low-amplitude rhythmic CSD fluctuation. In particular, the supragranular layer shows a current source (colored blue, indicating net outward transmembrane current flow) over a current sink (colored red, indicating net inward transmembrane current flow) configuration around LED onset (marked by red arrow). This changes to a sink-over-source pattern around the time of MUA suppression (marked by black arrows). When compared with auditory responses from the same A1 cortical column site ([Figure 1](#fig1){ref-type="fig"}A), it is apparent that the amplitude of the responses related to the LED stream are much lower (note that the laminar CSD and MUA response profiles are on different scales), and they are more supragranularly weighted. This illustrates that as previously shown for other, non-auditory stimuli, the LED-related response in A1 is modulatory ([@bib53], [@bib55]): whereas there is no abrupt pre- to post-LED flash-related change in MUA amplitude ([Figure 2](#fig2){ref-type="fig"}A inset boxplot), and no apparent granular layer CSD activity that would indicate an evoked-type response, there is a small rhythmic modulation of local neuronal excitability as indexed by the slight CSD and MUA fluctuations, indexing neuronal entrainment ([@bib58]).Figure 1Entrainment by Rhythmic Environmental Stimuli and by Saccades in A1(A) Schematic of a linear array multielectrode positioned in A1. To the right are representative laminar response profiles of best frequency (BF) tone-related CSD, CSD inter-trial coherence (ITC), MUA, and MUA ITC. In the ITC plots, frequency is on the x axis and cortical space is on the y axis. Higher ITC values mean that the oscillatory phase is more similar across trials, whereas lower values mean that phase values are more random across trials. Black bars above plots show duration of BF tone (100 ms).(B) Same laminar profiles from the same A1 site as in (A) but related to rhythmic LED flashes (1.8 Hz repetition rate). Red and black arrows highlight changes in the direction of transmembrane current flow. Yellow bars above plots show duration of LED flash (25 ms).(C) Same laminar profiles and A1 site as (A and B) but aligned to saccade onset during resting state. Maroon bars above plots show median duration of saccades (36 ms).(D) Five examples of horizontal (red) and vertical (blue) eye position traces centered on a detected saccade onset (0 ms).(E) Bar graphs in left column show representative distributions of saccadic rates (1,000 ms/intersaccadic intervals) during a resting-state trial block (top) and an LED stream trial block (bottom) from the same experiment. The mean saccadic rate for the two types of trial blocks is represented by vertical dotted lines. Right bar graphs display the mean rate of saccades for all trial blocks during resting state (orange, n = 50) and visual stimulation conditions (purple, n = 50).(F) Left columns of bar graphs display the pooled frequencies of the maximum ITC value calculated from the translaminar MUA signal aligned to the timing of LED flashes during LED trial blocks (mustard, N = 50), the timing of saccades during resting state blocks (orange, N = 50), and the timing of saccades during LED trial blocks (purple, N = 50). Right columns of histograms show the distribution of the corresponding mean phases. The value of angular mean of the mean phases (marked by red dotted lines) and the Rayleigh p value are inset. Note that LED-related ITC and mean phase data (top row) and saccade timing-related data (bottom row) are extracted from the same LED trial blocks.Figure 2Countersign Modulation of Excitability by Visual Environmental Stimuli (LED) versus Motor-Guided Sampling of the Visual Environment (Saccades)(A) Mustard trace shows the rhythmic LED flash-related translaminar MUA averaged across all 50 trial blocks. The overlaid yellow waveform is the filtered MUA (1.2--2.4 Hz). Yellow dotted lines mark LED flash onsets. Shaded light green block marks pre-event (−200 to −100 ms), whereas shaded dark green block marks post-event (0--100 ms) time interval that we used to quantify event-related MUA modulation. Boxplot to the right shows the pooled normalized MUA amplitudes averaged within the pre-LED flash and post-LED flash onset timeframes. The histogram on the right shows the distribution of mean MUA delta phases at LED flash onset calculated from the band-pass-filtered MUA data. The value of angular mean of the mean phases (marked by dotted lines) and the Rayleigh p value are inset.(B) Pink trace shows translaminar MUA aligned to saccade onset and averaged across all 50 trial blocks during the resting-state condition. The overlaid orange waveform is the filtered MUA (1--5 Hz). Boxplot to the right shows the pooled MUA amplitudes averaged within the pre- and post-saccade onset timeframes. Bracket marks a significant difference (Wilcoxon signed rank, p \< 0.01). The histogram to the right shows the distribution of mean MUA delta/theta phases at saccade onset from the band-pass-filtered MUA data. Dotted line marks angular mean of the mean phases.(C) Same saccade timing-related data as in (B), but for trial blocks during which the rhythmic LED stream was presented (same trial blocks as A).

To provide further evidence for this notion, we investigated the phase coherence of oscillatory activity across trials (indexed by intertrial coherence \[ITC\]) ([@bib52], [@bib53]). ITC indexes the frequency-specific phase consistency of neuronal activity across trials, which, in the case of entrainment should be non-random, i.e., pooled around a specific phase. ITC values vary between 0 and 1, and higher values indicate stronger pooling of phases. As the laminar ITC profiles to the right of the CSD and MUA profiles show, auditory responses ([Figure 1](#fig1){ref-type="fig"}A) are characterized by "broadband" high ITC values, typical of an evoked response ([@bib53], [@bib55]). As opposed to this, LED stream-related neuronal activity has only one prominent peak around 1.8 Hz, which corresponds to the presentation rate of LED flashes ([Figure 1](#fig1){ref-type="fig"}B). This was the case for all 50 LED stream trial blocks. To summarize, the modulatory-type responses to LED flashes coupled with significant phase similarity (pooling) across trials at the frequency of stimulus presentation indicate oscillatory entrainment ([@bib58]; [@bib76]).

Next we examined the effect of saccades on auditory cortical activity, reasoning that as our results show that visual inputs modulate A1 excitability, saccade-related inputs, which have been shown to modulate excitability in primary visual cortex ([@bib8]; [@bib81]), should as well. If entrainment could be brought about by the quasi-rhythmic sequence of saccades ([@bib5]; [@bib32]), we expected that the neuronal activity would be entrained to the same excitability phase as in the case of the LED stream, as both saccades and LED flashes are associated with a post-event volley of visual input. We tracked eye movements at 500 Hz resolution using an infrared system (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). [Figure 1](#fig1){ref-type="fig"}D shows representative saccade-triggered (positioned at 0 ms) horizontal and vertical eye position traces. Note that in all five examples, there are "flanking saccades" occurring approximately 400 ms before and following the saccade the traces are aligned to. This is due to the quasi-rhythmic nature of saccades, which was demonstrated by numerous human and non-human primate studies ([@bib8]; [@bib37]; [@bib62]; [@bib82]) and is illustrated by [Figure 1](#fig1){ref-type="fig"}E. Bar graphs in left column of [Figure 1](#fig1){ref-type="fig"}E show representative distributions of saccadic rates during a resting-state trial block (top) and an LED stream trial block (bottom). Saccadic rate distributions for each trial block were calculated by dividing 1,000 ms by each intersaccadic interval within a trial block. Mean saccadic rates for each trial block were then determined (vertical dotted lines in [Figure 1](#fig1){ref-type="fig"}E, left). The mean of pooled mean saccade rate ([Figure 1](#fig1){ref-type="fig"}E, right columns) is similar for both resting-state and LED trial blocks (mean of the mean saccade rate is 1.76 Hz \[SD = 0.25 Hz\] and 1.69 Hz \[SD = 0.24 Hz\], respectively), which is slightly lower than in previous non-human primate studies ([@bib8]; [@bib13]; [@bib42]), likely due to the lack of a visual task and the stricter criteria used for saccade detection (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). [Figure 1](#fig1){ref-type="fig"}C shows representative laminar CSD and MUA profiles aligned to saccade onsets (n = 325 saccades) recorded during the resting-state condition from the same A1 site as in Figures 1A and 1B. Similar to the profiles related to the LED stream, there is a near-baseline modulation of the MUA and a relatively low-amplitude CSD fluctuation again focused in the supragranular layers. This is accompanied by a prominent ITC peak around 2 Hz (mean rate of saccades in this particular trial block) in the CSD ITC plot and to a lesser extent in the MUA ITC plot, which indicates that---in lieu of evoked-type activity---neuronal oscillations did become aligned to the timing of saccades. In other words, similar to a rhythmic stream of LED flashes, a quasi-rhythmic series of saccades can also entrain neuronal activity in A1.

Countersign Modulation of A1 Excitability by Rhythmic LED Flashes versus Saccades {#sec2.2}
---------------------------------------------------------------------------------

As neuronal oscillations reflect rhythmic fluctuations of excitability in neuronal ensembles ([@bib17]), next we wanted to see whether oscillatory activity was being entrained to the high or low excitability phase in each of these cases. As the MUA signal has a straightforward relationship to excitability, and the excitability of all cortical layers tends to oscillate synchronously within a given A1 column ([@bib56]; [@bib73]), we used translaminar MUA (i.e., averaged across all cortical layers) to estimate "excitability phases": high-amplitude MUA corresponds to high, whereas low\--amplitude MUA corresponds to low excitability of neuronal ensembles in A1 ([@bib52]). Given that the frequency of saccades varied across trial blocks ([Figure 1](#fig1){ref-type="fig"}E, right columns), we initially checked the degree of oscillatory phase similarity (i.e. ITC) and mean phases in the 1--5 Hz frequency range. Left columns in [Figure 1](#fig1){ref-type="fig"}F show the pooled frequencies of maximum ITC values determined at onset of LED flashes and at saccade onset during the two conditions. As expected, LED stimulus stream-related ITC values are tightly grouped around 1.8 Hz (which is the stimulus presentation rate), whereas saccade-related ITC values are more widely distributed, both during resting state and LED stream conditions. When we looked at the matching mean phases (at the peak of ITC), we found a significant bias for each of the three groups (Rayleigh\'s uniformity tests p \< 0.01, [Figure 1](#fig1){ref-type="fig"}F, right column). We also found that the mean phases related to LED flashes and those related to saccade onsets are significantly different. Pooled delta phases calculated at LED flash onset are significantly grouped (Rayleigh\'s uniformity tests, p = 0.3 × 10^−4^) before the positive peak (0 rad) of the MUA oscillation, which corresponds to the high-excitability phase of the MUA oscillation, whereas pooled delta/theta phases calculated at saccade onsets are also significantly grouped (Rayleigh\'s uniformity tests, during resting state p = 0.13 × 10^−5^, and during visual stream p = 0.0012) but around the opposite phase (±pi rad), which corresponds to the lowexcitability phase of the MUA oscillation.

To verify this unexpected, counterphase entrainment by LED flashes and saccades, we band-pass filtered the translaminar MUA in the 1.2--2.4 Hz and 1--5 Hz frequency bands, respectively, and then calculated the phase of the resulting signal at flash or saccade onset using the Hilbert transform. We used these particular frequency bands as they spanned the frequency range of maximum ITC values in [Figure 1](#fig1){ref-type="fig"}F (left column). The mustard histogram in [Figure 2](#fig2){ref-type="fig"}A displays the pooled mean delta phase distribution of all trial blocks associated with the LED flashes, which shows a very similar pattern as the wavelet results ([Figure 1](#fig1){ref-type="fig"}F). There is a significant non-random distribution of mean phases (Rayleigh\'s uniformity tests, p = 0.004) around the high excitability phase, as the grand average translaminar MUA is approaching its positive peak (indexing a high incidental neuronal firing rate) at the time of the LED flashes ([Figure 2](#fig2){ref-type="fig"}A, mustard waveform). For saccade-related activity during resting state, pooled mean delta/theta MUA phases ([Figure 2](#fig2){ref-type="fig"}B) are also significantly grouped (Rayleigh\'s uniformity tests, p = 0.9 × 10^−14^), but around the opposite, low cortical excitability (indexing a low incidental neuronal firing rate). In fact, there appears to be a clear MUA suppression around saccade onset (0 ms) in the corresponding grand average translaminar MUA ([Figure 2](#fig2){ref-type="fig"}B, pink waveform). Saccade-related excitability phase results during LED flashes (Rayleigh\'s uniformity tests, p = 0.1 × 10^−13^) were almost identical to those during resting-state condition ([Figure 2](#fig2){ref-type="fig"}C). The pooled LED-related mean phase distributions were significantly different from saccade-related phase distributions during both resting state (Fisher\'s test for the equality of circular means, p = 0.3 × 10^−7^) and visual stimulation (Fisher\'s test for the equality of circular means, p = 0. 3 × 10^−8^). Saccade-related mean phase distributions during resting state and visual stimulation conditions were not significantly different (Fisher\'s test for the equality of circular means, p = 0.06).

To summarize our results thus far, although rhythmic environmental visual stimuli and quasi-rhythmic motor-guided visual sampling both entrain A1 neuronal activity, they do so to opposite neuronal ensemble excitability phases. To verify that within LED stream trial blocks, LED flashes and saccades had opposing effects on cortical excitability, we statistically compared translaminar MUA related to a group of single trial events averaged within a 0--100 ms time frame. We found that in the majority of LED stream trial blocks (30/50 or 60%), post-event MUA amplitude related to LED flashes was significantly larger than that related to saccades (Wilcoxon rank-sum test, p \< 0.001). To quantify this in yet another way, we also compared averaged pre- (−200 to −100 ms) and post-event (0--100 ms) MUA amplitudes within LED and saccade-related MUA groups. We found that there was only a significant difference between pre- and post-saccade MUA amplitudes (Wilcoxon signed rank, Z = −3.14, p = 0.0016 during resting-state condition, and Wilcoxon signed rank, Z = −4.07, p = 0.00004 during visual stimulation condition) (boxplots in [Figures 2](#fig2){ref-type="fig"}B and 2C). Although there was a trend toward larger post-LED flash translaminar MUA amplitude, it was not significant (Wilcoxon signed rank, Z = 1.62, p = 0.10).

Long- and Short-Timescale Interaction of Saccades and Environmental Visual Stimuli {#sec2.3}
----------------------------------------------------------------------------------

So far, we have demonstrated that environmental visual stimuli and internally generated motor actions controlling eye movements aimed at sampling the visual environment are both capable of entraining neuronal activity in A1. If these influences would operate independently in time, their effects would vary randomly between synergy and interference. We thus examined how the two types of entrainment described above (environmental versus motor-initiated entrainment) interact on long (second) and shorter (sub-second) time scales. For this analysis, we focused on trial blocks during which LED flashes were presented.

Our first question was do delta/theta oscillations entrain to LED flashes and saccades simultaneously, or does this vary by trial block, possibly indicating different brain states and/or information sampling strategies. To answer this, we determined the percentage of trial blocks with significant entrainment (Rayleigh\'s uniformity tests, p \< 0.01) to the LED flashes only, saccades only, or to both events (comprising three "entrainment mode" groups), in at least one laminar recording location (i.e., a linear array electrode contact) ([Figures 3](#fig3){ref-type="fig"}A and 3B). For a Bonferroni corrected for multiple comparisons version of this analysis see [Figure S1](#mmc1){ref-type="supplementary-material"}.Figure 3Spatiotemporal Properties of A1 Modulation Elicited by LED Flashes and Saccades(A) Bar shows % LED trial blocks where at least one laminar recording location in which CSD measures were derived significantly entrained to the LED flashes (orange), saccades (purple), both (green), or none (gray) (Rayleigh\'s uniformity tests, p \< 0.01), constituting three "entrainment mode" groups. Bar graphs to the right display the number of CSD recording locations showing significant entrainment (saccade related N = 17, LED related N = 144) relative to the top of the cortex (pia), top of the granular layer (layer 4), and top of the infragranular layer (layer 5), all marked by black horizontal lines. For reference, we show an A1 slice stained for Nissl substance (reproduced from [Figure 4](#fig4){ref-type="fig"}, ([@bib30])).(B) Same as in (A) but for MUA laminar recording locations showing significant entrainment: saccade related N = 76, LED related N = 68.(C) Histograms show the distribution of mean MUA phases related to saccades (maroon) and LED flashes (mustard) calculated at MUA laminar recording locations which significantly entrained to LED (orange outline), saccades (purple outline), or both (green outline). The value of angular mean of the mean phases (marked by red dotted lines) and the Rayleigh p value are inset. Note that saccade-related pooling of mean phases is significant, even in the LED-only condition. This indicates that although at these locations the effect of the saccades on the MUA was not enough to result in significant ITC on a single trial level, the resulting mean phase was a suppressive phase (i.e., close to +/− pi).(D) MUA recording locations aligned to saccades (maroon) and LED flashes (mustard) pooled by "entrainment modes." The overlaid waveforms display the average filtered MUA (pink: 1--5 Hz, yellow: 1.2--2.4 Hz).

This analysis also gave us the opportunity to examine the laminar distributions of all electrode contact locations showing significant entrainment to saccades versus LED flashes, which is described in the next three paragraphs. To enhance this aspect of the analysis, besides laminar MUA, we also included laminar CSD data. By laminar CSD recording locations we mean the electrode contact recording site at which CSD was calculated ([@bib25]; [@bib66]). The left bar graph in [Figure 3](#fig3){ref-type="fig"}A shows that CSD entrainment occurred in most trial blocks (64%, N = 32) to the LED stream only (environmental entrainment), whereas 12% (N = 6) trial blocks showed CSD entrainment to saccades only. In addition, 12% (N = 6) showed CSD entrainment to both LED flashes and saccades, and 12% (N = 6) failed to show CSD entrainment to either event type. Right bar plots in [Figure 3](#fig3){ref-type="fig"}A display the distance of the CSD recording locations that entrained to saccades and LED stream, from the pial surface of A1 (top black horizontal line), relative to the top of the granular (4, middle black line) and top of the infragranular (layer 5, bottom black line) layers. We found that more CSD laminar locations showed entrainment to the LED stream (23%, N = 144/640 laminar locations across the 38 trial blocks) than to saccades (8%, N = 17/221 laminar locations across the 12 trial blocks). Although all cortical layers contain some CSD laminar locations entrained by the LED stream, the distribution appears to be slightly more biased to upper layer 3 and layer 5 ([Figure 3](#fig3){ref-type="fig"}A, mustard bar plot). Due to the low number of laminar CSD locations entraining to saccades, it is difficult to see a laminar pattern, but there is a marginal bias to layer 1 ([Figure 3](#fig3){ref-type="fig"}A, pink bar plot).

Although admittedly MUA is somewhat volume conducted ([@bib48]), and stimulus-related/modulatory MUA effects also depend on the amount of baseline firing rates in different layers ([@bib80]), we conducted the same analysis as for the CSD data ([Figure 3](#fig3){ref-type="fig"}B). Similarly, more trial blocks (40%, N = 20) showed MUA entrainment in at least one laminar location, to the LED stream only (environmental entrainment); 28% (N = 14) trial blocks showed MUA entrainment to saccades only, whereas 18% (N = 9) showed MUA entrainment to both LED flashes and saccades and 14% (N = 7) failed to show MUA entrainment to either event ([Figure 3](#fig3){ref-type="fig"}B, left bar graph). We found that a few more MUA laminar locations entrained to saccades (19%, N = 76/403 laminar locations across the 23 trial blocks) than to the LED stream (14%, N = 68/485 laminar locations across the 29 trial blocks). Qualitatively, we found that the distributions of laminar locations where MUA entrained to saccades versus LED flashes were similar in that every layer showed entrainment; however, locations showing MUA entrainment to LED flashes appear to be slightly more biased to layers 1 and 5 ([Figure 3](#fig3){ref-type="fig"}B, right bar plots).

The aforementioned results ([Figures 3](#fig3){ref-type="fig"}A and 3B, right bar plots) indicate that there is an apparent difference in the capability of saccades versus LED stream to align CSD versus MUA. Therefore, we tested the strength of alignment of CSD and MUA to saccades versus LED stream, which revealed a strikingly opposite effect. We found in the case of saccade-related alignment that MUA ITC values calculated at all individual laminar recording locations were significantly larger than CSD ITC values calculated at the same locations (Wilcoxon signed rank, Z = 9.23, p = 0.7 × 10^−19^). However, in the case of LED stream-related alignment, CSD ITC values were significantly greater than MUA ITC values (Wilcoxon signed rank, Z = 4.07, p = 0.5 × 10^−4^). We were curious if this differing effect on CSD and MUA alignment was consistent across cortical layers. We found, that in the case of saccade-related alignment, MUA ITC values were significantly larger than CSD ITC values at laminar locations in the supra- (Wilcoxon signed rank, Z = 6.62, p = 0.36 × 10^−10^), granular (Wilcoxon signed rank, Z = 4.84, p = 0.13 × 10^−5^), and infragranular (Wilcoxon signed rank, Z = 4.50, p = 0.68 × 10^−5^) layers. In the case of the LED stream-related entrainment, although there was a trend for CSD ITC values to be larger than MUA ITC values at laminar locations in all layers, this was only significant at laminar locations in the infragranular layer (Wilcoxon signed rank, Z = 4.26, p = 0.21 × 10^−4^) ([Figure S2](#mmc1){ref-type="supplementary-material"}). The differential influence of saccades versus LED on neuronal firing (MUA) and transmembrane currents (CSD) might indicate distinct circuit mechanisms.

Next, within each of the three "entrainment mode" groups (LED, saccade, and both) we compared the saccade and LED flash-related MUA mean entrainment phases of individual laminar recording locations ([Figure 3](#fig3){ref-type="fig"}C). We found that in general, variation in mean delta/theta phases did not appear related to "entrainment mode." The only exception is that mean LED-related phases were not pooled significantly in the "entrained to saccades" group. [Figure 3](#fig3){ref-type="fig"}D displays the entrainment mode-specific grand average of the corresponding MUA traces from which the phases were calculated.

To summarize this section to date, we found that in some trial blocks, both saccades and environmental visual stimuli entrain auditory cortical oscillations (e.g., [Figures 3](#fig3){ref-type="fig"}A and 3B). However, these effects occur when evaluated for all stimuli/saccades occurring across an entire trial block. Thus, we wondered if within a trial block periods of entrainment by LED stimuli versus saccades "co-exist" or rather fluctuate (long-timescale interaction), similar to what has been demonstrated in A1 across different stimulus modalities ([@bib57]). To test this, we calculated the phases of the band-pass-filtered translaminar MUA at saccade and LED flash onsets in 10-s windows and calculated ITC (moving ITC). The step size of the moving ITC window was 1 s (resulting in a 1 Hz "sampling rate"). As the representative examples in [Figure 4](#fig4){ref-type="fig"}A show, the moving ITC measure related to LED flashes (mustard traces) and saccades (maroon traces) varies robustly across a trial block, indicating at times stronger environmental versus motor-initiated entrainment, and vice versa. To determine if entrainment to saccades inherently fluctuates, we also calculated moving ITC values related to saccades during the resting-state condition and found in the majority of trial blocks that the strength of entrainment does vary over time naturally, just like during the LED stream ([Figure S3](#mmc1){ref-type="supplementary-material"} for a representative example). Next, we compared moving ITC values related to saccades during resting state and LED stream trial blocks to see if the strength of entrainment differed. We found that moving ITC values related to saccades during resting state are significantly lower than those related to saccades and even LED flashes during LED trial blocks (Wilcoxon rank-sum test, Z = −4.53, p = 0.6 × 10^−5^ and Z = −4.7, p = 0.26 × 10^−5^ respectively). This may indicate that in a visually deprived environment (i.e., dark or dimly lit recording chamber) the subject\'s attention is allocated to external sources rather than in examining the immediate visual environment.Figure 4Countersign Fluctuation of Environmental versus Motor-Initiated Entrainment, and Temporal Relationship of Saccades and Rhythmic LED Flashes(A) Top: "Moving average" cortical MUA ITC values from a representative trial block showing an overall significant negative correlation (Spearman\'s correlation, p \< .05) between saccade- (maroon) and LED-related entrainment (mustard). Phase at the time of LED flashes/saccades was extracted from data band-pass filtered between 1.2--2.4 Hz and 1--5 Hz respectively. Bottom: Representative traces from a different trial block showing an overall significant positive correlation. Shaded pink and blue blocks denote positive and negative "moving average" correlation value (in 15-ms windows), respectively. Asterisks indicate a significant correlation (Spearman\'s correlation, p \< .05).(B) Bar graphs show the distribution of saccade probability relative to LED onset (0 ms) pooled across all 50 LED trial blocks. Pink bars denote time intervals in which saccades occurred significantly more often (Wilcoxon signed rank, p \< 0.05), whereas blue bars denote when saccades occurred significantly less often (Wilcoxon signed rank, p \< 0.05) than the average (marked by horizontal dotted gray line).(C) Same as in (B) but for trial blocks pooled by MUA "entrainment modes" (see [Figure 3](#fig3){ref-type="fig"}B).

To quantify the variation in saccade and LED flash-related moving ITC measures across an LED stream trial block, we next computed the correlation between the said measures. We found a significant negative correlation in 10 of the 50 (20%) LED stream trial blocks (Spearman\'s correlation, p \< .05), signaling that when moving ITC related to one event is high it is low for the other event, and vice versa. Only three of the LED stream trial blocks (6%) showed a significant positive correlation (Spearman\'s correlation, p \< .05), indicating that moving ITC related to both saccade and LED co-varies together across the entire trial block, whereas the remaining 37 LED trial blocks (74%) failed to show a significant correlation.

Somewhat puzzled by this finding, we examined moving ITC correlations in all LED stream trial blocks on a temporally more fine-grained scale. Examining again the representative examples in [Figure 4](#fig4){ref-type="fig"}A might possibly explain this finding: whereas the traces in the top plot show an overall significant negative correlation (r = −0.18, Spearman\'s correlation, p = .02), the pink blocks mark time periods where the moving ITC measures related to saccade and LED show a positive correlation. Likewise, whereas the bottom-moving ITC traces show an overall significant positive correlation (r = 0.37, Spearman\'s correlation, p = .00001), the blue blocks mark time periods where the moving ITC measures related to saccade and LED show a negative correlation. Many of the trial blocks showed a similar pattern. This implies that during an entire trial block there are times where entrainment is exclusive (i.e., A1 is entrained by saccades or LED flashes independently) and other periods where both events seemingly simultaneously entrain neuronal oscillations.

This was a somewhat unexpected finding, as previous studies seem to indicate that entrainment is exclusive to a given modality/feature in A1 if entraining events are temporally independent ([@bib55], [@bib57]). Therefore, we wanted to examine whether the temporal relationship of saccades and rhythmic LED flashes is indeed independent on a short timescale. As the pooled distribution of saccade probability for all trial blocks show ([Figure 4](#fig4){ref-type="fig"}B) there is an increase in saccade probability about 250 ms before and after an LED flash, approximately halfway between two LED flashes. This is accompanied by significantly decreased saccade probability following flashes. When the LED trial blocks are grouped within the "entrainment mode" groups as determined by MUA (see [Figure 3](#fig3){ref-type="fig"}B), the same pattern is evident to a varying degree ([Figure 4](#fig4){ref-type="fig"}C). Also, when we examined the temporal relationship of saccades to LED flashes during windows where moving ITC values related to saccades were greater than those related to LED flashes, we found a significant increase in saccade probability approximately 200 ms before and 300 ms after an LED flash. In contrast, in moving windows where LED-related ITC \> saccade-related ITC values saccade probability was more uniformly distributed ([Figure S4](#mmc1){ref-type="supplementary-material"}). Together these results indicate that there is a strong short-timescale temporal relationship between the sampling of the visual environment and environmental visual stimuli.

Discussion {#sec3}
==========

The present study found that both rhythmic environmental stimuli, such as LED flashes, and quasi-rhythmic motor sampling patterns, such as saccades, are capable of entraining rhythmic neuronal excitability fluctuations in A1. Surprisingly, whereas the LED stream entrained neuronal oscillations to their high excitability phases such that MUA was at its peak around the time when LED flashes occurred (via environmental entrainment), saccades entrained neuronal oscillations to their low excitability phases (via motor-initiated entrainment), which resulted in MUA suppression around saccade onset ([Figure 2](#fig2){ref-type="fig"}). We also found that the two types of entrainment could co-occur in some trial blocks ([Figure 3](#fig3){ref-type="fig"}). However, when we examined this on a longer timescale, we found that within trial blocks there were periods where entrainment was exclusive (i.e., A1 activity is either entrained by saccades *or* LED flashes, but not by both) and other periods during which neuronal activity was aligned to both internal and external events. This latter finding can only be explained if the timing of visual events and saccades is non-independent, i.e., visual inputs entrain saccade-generating mechanisms. We indeed found that there was a robust short-timescale temporal relationship between environmental visual stimuli and the sampling of the visual environment, in that saccade probability significantly increased about halfway between two LED flashes and significantly decreased following flashes ([Figure 4](#fig4){ref-type="fig"}B). As we did not require the animals to perform a task, there is a possibility that based on task demands saccades and environmental rhythms can be decoupled (e.g., during visual search versus deviant stimulus detection). However, as our results indicate, one of the brain\'s major strategies is to avoid interference by coupling sensory and motor systems most of the time.

Relevance of Temporal Coupling of Eye Movements and Environmental Visual Stimuli {#sec3.1}
--------------------------------------------------------------------------------

Our findings indicate that saccades are not coincident with LED flashes but do, however, synchronize their occurrence to these so that they fall reliably about halfway between two flashes in the rhythmic "LED cycle." This is consistent with results of previous studies that showed saccadic synchronization to rhythmic external stimuli ([@bib10]; [@bib45]; [@bib94]). It has been known for a long time that relevant or high-intensity sensory stimuli result in reflexive, or reactive, saccades ([@bib45]; [@bib90]), whereas more recent studies ([@bib31]; [@bib33]) demonstrated that saccades can also be predictive, i.e., occur in anticipation of stimuli.

With any rhythmic stimulation, like the one we used, the question of whether saccadic timing is reactive or predictive is a valid one, as both post- and pre-stimulus timings are "fixed." While the median saccadic reaction time to an LED stimulus for regular saccades is 130--180 ms in non-human primates ([@bib21]; [@bib23]; [@bib79]), we actually found a decrease in saccade probability in this post-stimulus time frame ([Figure 4](#fig4){ref-type="fig"}B). This might indicate that the saccade timing observed by us, approximately 250 ms before LED flashes, is predictive, i.e., saccades occur in anticipation of a temporally predictable environmental event. In addition, a series of studies by Joiner and colleagues have shown that when rhythmic stimuli are presented around 2 Hz (similar to the current study) saccades are predictive, compared with stimuli presented at lower rates, which result in reactive saccades ([@bib45]; [@bib90]; [@bib98]). Future studies using quasi-rhythmic visual stimulus streams, which have some jitter in time between single stimuli instead of strictly isochronous sequences, could verify this notion.

Whatever the case (predictive or reactive saccade timing), our results indicate that the brain "binds" environmental and motor events so that their countersign effect on the excitability of neuronal ensembles does not interfere with each other. Even though our motor actions are governed by behavioral goals, evidence suggests that the brain governs our actions so that they (e.g., rhythmic sampling patterns) are guided by the timing that inherently exists in the internal and external environment ([@bib58]).

The Circuitry of Saccade-Related Entrainment in A1 {#sec3.2}
--------------------------------------------------

Strikingly, whereas delta phase alignment related to the LED stream was prevalent in the CSD, in relation to saccade timing we found the reverse: more locations across layers showed MUA rather than CSD entrainment ([Figures 3](#fig3){ref-type="fig"}A and 3B). This indicates that whereas as previously demonstrated, multisensory (i.e., LED-related) alignment of neuronal activity affects CSD more, saccade-related effects influence neuronal firing (MUA) more than transmembrane current flow (CSD). As the CSD signal depends on cell geometry more than MUA, it is likely that motor-related inputs affect different cortical neuronal networks than LED flash-related inputs, which in turn might indicate a different function for motor versus environmental modulation of neuronal excitability. We speculate that there are four hypothetical circuits underlying saccade-related entrainment in A1, which could be verified by future anatomical and neuromodulation studies.

The *first* and most obvious would be direct projections from motor cortex transmitting a corollary discharge signal related to the production of eye movements. Anatomical studies in rodents have identified direct projections from both primary and secondary motor areas to A1 ([@bib20]; [@bib71]), whose activation suppresses neuronal activity in the auditory cortex ([@bib71]; [@bib86], [@bib87]). These motor areas most densely innervate the supragranular and infragranular layers of the auditory cortex ([@bib71]). However, these connections have not been observed in primates. As seen in the current and many previous studies, phase reset and entertainment of ongoing oscillations is most prevalent in extragranular layers ([@bib52], [@bib53], [@bib55]; [@bib73]), and modulatory inputs targeting these layers have long thought to cause phase reset, and if stimuli are rhythmic, entrainment ([@bib8]; [@bib55]; [@bib73], [@bib74]). Besides anatomical studies, recent magnetoencephalographic studies investigating predictions in auditory scenes in humans found significant effective connectivity from motor cortex toward auditory areas ([@bib1]; [@bib68]). In addition, besides direct projections, an indirect source of motor influences on the auditory system could stem from the cochlea, as a recent study reported oscillations of the eardrum coinciding with saccade onset in the absence of sound ([@bib29]). The authors hypothesized that the eardrum movement is due to a copy of the motor command that generates saccades. It is possible that corollary discharge signals originating from motor cortex affect the activity of the middle ear muscles and neuronal activity of A1 in parallel. It is also conceivable that the movement of the eardrums alone modulates oscillatory activity in A1 through the non-lemniscal auditory matrix pathway, which also targets the superficial layers ([@bib46]; [@bib67]).

The *second* possible circuit, not involving the motor cortex, could be based on a superior colliculus --\> pulvinar --\> A1 routing of saccade-related corollary discharge. It is well established that the superior colliculus is involved in the generation of saccades ([@bib51]; [@bib70]; [@bib78]; [@bib83]). Particular neurons in the deeper or "motor" layers generate bursts of action potentials that command saccades ([@bib96]), and these deep, non-retinorecipient layers also send projections to the pulvinar ([@bib6]). The pulvinar has been shown to be active during saccades but not before ([@bib84]), indicating its engagement by the saccadic network independent of visual inputs. The pulvinar is the largest multimodal nucleus of the thalamus and possesses extensive reciprocal cortical connections with the upper layers of sensory cortices including A1 ([@bib38]; [@bib39]). In support of this possible circuit for saccade-related MUA suppression, a recent study has shown that activation of pulvinar projections targeting neurons in the superficial layers of A1, especially layer 1, leads to a suppression of A1 neuronal activity ([@bib18]).

A *third* feasible source for saccade-related modulation of the auditory system and the temporal alignment of predictable environmental stimuli and rhythmic motor sampling are the basal ganglia. Studies have shown that previous experience creates stimulus response associations through the basal ganglia circuit that promote the synchronization of motor eye fields (saccades) and auditory and visual sensory systems through orientation responses ([@bib16]; [@bib35], [@bib36]; [@bib47]). The cerebral cortex projects to the dorsal and ventral striata, which send projections to the output nuclei of the basal ganglia, which ultimately project back to the sensory cortex via the thalamus, forming a closed loop ([@bib3]; [@bib59]). In this way, internally generated sensorimotor responses to previous experience (like our rhythmic light stimulus sequence) and externally generated sensorimotor responses to ongoing stimuli are modulated by feedforward (motor internal) and feedback (sensory external) input to basal ganglia circuits, producing anticipatory effects on neural activity.

Finally, saccade-related entrainment in A1 could be orchestrated by a *fourth* possible source, in this case sensory as opposed to motor: the retinal input volley related to each fixation following most saccades. It has previously been shown that attention to visual stimuli can cause phase reset of ongoing oscillations in A1 ([@bib55]). In theory the same mechanism could be responsible for the saccade-related entrainment seen in the current study. A possible pathway for the inputs responsible for this type of entrainment could be via the multisensory part of the medial geniculate nucleus, the medial or magnocellular division (MGNm), as it sends thalamocortical projections to layers 1 and 3 of A1 ([@bib9]; [@bib41]; [@bib65]). MGNm receives inputs from all layers of the superior colliculus including the lower layers, which are multimodal ([@bib12]; [@bib60]). However, our results indicate that this circuit mechanism is the least likely one. The reason for this is that if post-saccadic visual inputs (i.e., visual input volley) would be responsible for saccade-related modulation of A1, they should entrain A1 neuronal ensembles to their high excitability phases like environmental stimulus (i.e., LED)-related visual inputs. In contrary, we found that saccades and environmental visual inputs entrain neuronal excitability to opposing phases in A1.

Motor-Related Suppression of Sensory Cortices {#sec3.3}
---------------------------------------------

Apart from the well-documented saccadic-related suppression in visual cortex (for a review see [@bib26]), a plethora of studies have shown in both humans and animals that self-produced motor activity (e.g., button pressing, vocalizing, walking, etc.) suppress neural activity in the auditory cortex ([@bib4]; [@bib22]; [@bib24]; [@bib40]; [@bib86]). In fact Eliades and Wang showed predictive suppression of neuronal activity in the auditory cortex of marmosets before and during self-initiated vocalizations ([@bib22]). This phenomenon is not restricted to the auditory cortex, as responses in somatosensory cortex to self-produced tactile stimuli are attenuated compared with the same stimuli, but when externally generated ([@bib15]). The results of the current study are in line with and extend these findings, as we show that self-generated quasi-rhythmic motor acts result in a rhythmic suppression of auditory cortical activity. As our resting-state results demonstrate, this suppression occurs in the absence of stimuli, which suggests that saccade-related corollary discharge signals modulate A1 activity irrespective of arousal, which is not to say that this phenomenon does not have a functional role, but is likely harnessed by the brain to assist in processing of environmental stimuli (see below). Although the exact relevance of this mechanism in the case of eye movements is unknown, we surmise that if random auditory stimuli occur concurrent with saccades, these would be distracting to the brain\'s goal, which is to resolve the visual environment. Therefore, it would be beneficial to suppress inputs related to sounds around the timing of saccades. Also, because most biologically generated auditory stimuli, similar to eye movements, are quasi-rhythmic, e.g., human speech ([@bib27]; [@bib28]) or monkey vocalizations ([@bib95]), we speculate that saccades would align to occur just before acoustic landmarks (e.g., syllables in speech). As saccade rates are generally lower than the rate of landmarks in human speech or species-specific vocalizations, saccading might not always occur, but saccade probability would be enhanced, when acoustic landmarks are predicted to occur. Thus the strong saccade-related suppression of auditory neuronal ensembles may serve to enhance parsing of the auditory information. Future studies examining saccade timing in relation to simple and complex auditory stimulus sequences could test this prediction.

Although there is evidence that rhythmic motor activity enhances sensory perception ([@bib69]), to our knowledge there is no direct evidence for motor-related enhancement of excitability in sensory cortical regions. Our results lead us to think that by aligning motor activity to sensory inputs, the brain reduces interference from motor-related suppression, which, together with the rebound in excitability following motor inputs indirectly enhances sensory processing. In fact there already appears to be some evidence for this in the visual system ([@bib8]).

Conclusions {#sec3.4}
-----------

Our study provides evidence that both visual environmental rhythmic stimuli and quasi-rhythmic eye movements are capable of entraining neuronal activity in A1. Environmental visual stimuli entrain oscillations to their high excitability phases, whereas saccades entrain them to their low excitability phases. We propose that this is due to the brain\'s opposing intentions in the two cases: in the first, environmental case, an enhancement of co-occurring auditory inputs is beneficial to facilitate multisensory integration, whereas in the second, motor-controlled sensory sampling circumstance, it is advantageous to avoid interference of inputs related to random environmental stimuli.

Limitations of the Study {#sec3.5}
------------------------

A major limitation of the study is the absence of a behavioral task. Future studies employing an auditory task could investigate the effect of saccade timing on, for example, sound discrimination. Another limitation is the likely omission of microsaccades due to the lack of eye tracker calibration and the strict criteria used to detect saccades.
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